ABSTRACT Large Doppler shifts are inherent to high-speed relative motion between receiver and satellite and are likely to cause major problems during the code phase acquisition due to the introduced frequency ambiguity. In order to solve the problem of acquisition for the binary offset carrier (BOC) modulated the signal with large Doppler shift, a novel acquisition algorithm based on partial matched filter-all phase fast Fourier transform (PMF-apFFT) is proposed in this paper. In this method, all phase processing was adopted to weaken the effect of spectrum leakage after partial correlation, and two dimensional parallel searching for Doppler frequency on different code phases was completed by the maximum value after the cumulative average exceeding the threshold. The theoretical analysis and simulation results show that the correct code phase search and high precision estimation of Doppler frequency can be completed by the proposed algorithm at the same time. Compared with the traditional PMF-FFT acquisition algorithm, the proposed algorithm has stronger anti-noise performance and a better detection probability, and it is suitable for the complex communication environment of strong noise and large Doppler shift.
I. INTRODUCTION
The contradiction, which is between the increasing demands of navigation frequency resource and the relatively limited frequency sharing ability of the binary phase shift keying (BPSK) modulated signal, has contributed to the wide application of binary offset carrier (BOC) modulation in the modern global navigation satellite system (GNSS) [1] , [2] . More than 100 satellites, including GPS, GLONASS, GALILEO and BEIDOU systems, hovering in the sky, among which modern GPS, GALILEO and BEIDOU systems all use BOC modulation signals [3] , [4] .
The basic idea of BOC modulation is to add the periodic subcarrier modulation on the basis of BPSK signal, i.e., each PN spectrum code chip has been pre-modulated by periodic subcarriers. Meanwhile, the subcarrier modulation splits the main lobe of BOC signal power spectrum into two parts, it avoids overlapping with other traditional signals spectrum,
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realizes spectrum sharing and solves the problems of compatibility and mutual interference among satellite navigation system thoroughly. In addition, compared with BPSK modulation signal, the main lobe width of (the same spreading code chip width) BOC modulation signal is smaller, which means advantages on acquisition performance, code tracking accuracy and inherent multipath resistance ability [5] , [6] .
The acquisition methods for BOC signal were proposed successively, from the perspective of time-frequency analysis, the cores of algorithm can be divided into time domain and frequency domain. Typical time domain algorithms are as follow: Auto-correlation Side-Peak Cancellation Technique (ASPeCT) [7] , uses the auto-correlation function (ACF) and cross-correlation function (CCF) to construct a new correlation function, but the elimination of side peaks is not enough. Pseudo correlation Function (PCF) [8] algorithm combines local auxiliary signals and the received BOC signal to construct an unambiguous correlation function, it has a good applicability but peak value is low. In Sharp Reconstruction (RS) [9] algorithm, the relation result is folded by fractal reconstruction to eliminate ambiguity, but the acquisition accuracy is declined caused by its wide main lobe. In SubCorrelation Function (SCF) [10] algorithm, multiple kinds of local BOC signals are correlated with the received BOC signal, and a correlation function without side peaks is obtained, but it adopts the combination of multiplication so that the calculation is large. Typical frequency domain algorithms are as follows: BPSK-like [11] - [13] method is similar to the way of processing binary phase shift key (BPSK) signal, which treats BOC signal as the sum of two BPSK signals with different carrier frequencies, but it loses the advantage of high precision. In Single side band(SSB) [14] algorithm, two first-order BPSK components are regarded as two BPSK modulation signals, which are used for routine acquisition and detection, respectively. The acquisition algorithm based on Fast Fourier Transform (FFT) [15] does not rely on integral correlation of the local BOC signal and the received BOC signal, it uses FFT spectrum analysis to search the pseudo-random (PN) code phase and to estimate Doppler frequency in the frequency domain. However, it is difficult to satisfy synchronous sampling and integral period truncation in practice, Doppler frequency estimation is always disturbed by spectrum leakage and fence effect, which results in poor performance or even failure to synchronize. In the actual communication environment, due to the large radial velocity and radial acceleration between the satellite and the earth, the received signal is often coupled with thousands or even ten thousands Hz Doppler frequency [16] , which is not seriously concerned in methods mentioned above and could lead to a reduction in the detection probability or even failed acquisition. Therefore, it is very necessary to study the acquisition problem for BOC modulated signals with large Doppler shift [17] .
In this paper, all phase processing and cumulative average are applied to improve the system performance. A transform domain method combining all phase FFT (apFFT) spectrum analysis [18] and partial matched filter (PMF) is used to realize the acquisition of high dynamic BOC modulation signals. The organization of this paper is as follows. Section II formalizes the BOC modulated signal model, the exact expressions of the output of PMF-apFFT and the detection probability of the PMF-apFFT algorithm. Section III presents the specific process of the acquisition scheme and an efficient structure diagram for the proposed algorithm. In Section VI, the specific simulation parameters are abstracted firstly, the comparative simulations and the calculation of the proposed algorithm and PMF-FFT algorithms are shown and discussed. Finally, conclusions as well as the applications are discussed in Section V.
II. SIGNAL MODEL AND ACQUISITION PRINCIPLE A. BOC MODULATED SIGNAL MODEL
Using the right-handed circular polarization antenna in receiver, BOC modulated signal is filtered by pre-filter and amplified by a low-noise amplifier. The radio frequency (RF) signal is converted into an intermediate frequency (IF) signal by a down-conversion converter. The out-of-band noise and interference are filtered by an IF bandpass filter, the received BOC signal can be expressed as 
where sc(t) =sgn[sin(2π f sc t)] or sgn[cos(2πf sc t)], which is the subcarrier with the frequency f sc and the period T sc , sgn(x) is the sign function, which takes the value of 1 for x >0 and −1 for x < 0. c(t) is the spreading code, can be expressed as
where c i ∈ {−1, 1} is the ith chip of a PN code, p α (t) is the PN code waveform, which is a rectangular pulse over [0, α), T c is the chip period of PN code.
B. PMF-FFT ACQUISITION SCHEME
BOC signal is generated by modulating navigation bit with PN code first and then modulating with subcarrier, which is similar with the source coding. The latter step can be completely carried out first, which is shown in Eq.(2), modulating PN code with subcarrier to generate BOC baseband signal, and then BOC baseband signal modulates navigate bit. After digital-to-analog, BOC signal with large Doppler shift is converted into digital signal, which can be written as
Obviously, s(i) in Eq. (4) is only generated by modulating PN code with subcarrier, so all the properties of its PN code is not destroyed and is the same as the auto-correlation characteristics of traditional spread spectrum signal, and s(i) can be defined as combined code. However, the combined code s(i) is different from the traditional PN code, i.e., each chip is modulated with a subcarrier and becomes one or several square waves, whose duty cycle is 50 percent. Therefore, each ''1'' and ''−1'' in the subcarrier is used as the combined code chip and taken as a basic unit for sliding in acquisition.
In order to enlarge the parallel search range of Doppler frequency, sampling signal x(i) and local combined code s(i) are segmented, and each segmented x'(i) is partially correlated with each segmented s'(i + i') by PMF, i' is the delay between the local combined code and the received PN code. All sample points are filled with several zeros and cut into R parts, and each part has P points. For the convenience of analysis, the correlator output is divided into signal part and noise part. In the process of partial correlation, there is no VOLUME 7, 2019 change in the navigate bit d(t), i.e., the influence of d(t) is not considered. The output of rth (1 ≤ r ≤ R) PMF is shown by
where s(r) is the useful signal part, n(r) is the noise part. And s(r) can be expressed as
As the phase of PN code in the received signal is equal with the phase of local combination code, there's a conclusion as follow
So Eq. (6) can be rewritten as
The FFT points are N , P must be filled with several zeros (P to N ) to meet the requirement of 2-based FFT, then the output of FFT for the Eq. (8) is shown by
where ϕ (k, f d ) is the phase characteristic of PMF-FFT, which can be expressed as
The normalized frequency response of Eq. (9) can be decomposed into the output of two parts, and the output of partial matching filter PMF is
The output of FFT module is However, when there is no positive integer k corresponding to a certain Doppler shift, the frequency leakage will occur in the kth frequency channel of FFT, and the output will be greatly attenuated, which is called fence effect.
C. PMF-apFFT ACQUISITION SCHEME
In signal processing, spectrum leakage caused by data truncation, and the solution is often to add Windows and spectrum correction. In this paper, all phase spectrum analysis is adopted to reduce the effect of truncation by overlapping. The BOC modulated signal is discretized and cut into R parts, each part has P points, and the result is shown by
Taking the first signal sequence as an example, i.e. r = 1, the output of apFFT can be derived. The sampling data x is written as row vector
2M −1 points data is required for M points all-phase processing, the processed data of length 2M − 1 is divided into M segments, and the length of each segment is M . A M * M data matrix D is given by all the truncation of central sampling data
. . .
The rows are moved to align with the center data x(M ) by cyclic shifting, the matrix D can be rewritten as
After windowing and adding by corresponding columns, the elements of result are defined as follows
A data row vector x ap after all phase processing and normalizing can be expressed as
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Combining with Eq.18 and Eq.19, the output of PMFapFFT is shown by(FFT points are N )
Using an equivalent of the modulus operator on the Eq. (20), frequency response of PMF-apFFT can be written as
According to Eq.(21), the normalized output based on PMFapFFT acquisition algorithm consists of
is introduced by the accumulation of PMF, with the increase of Doppler shift, it results in periodic attenuation of FFT output, i.e. scallops loss, known as fan effect. And
has a maximum value when the Doppler shift f d = 0, or the length of PMF P = 1. Fig. 2 is the simulation chart of Eq. (21) taking Doppler shift as x-axis and 8-point FFT, and the thickening part of the curve is the result of both fan effect and fence effect.
is caused by incomplete FFT phase compensation, and it can be seen from Eq. (9) and Eq. (21) that the compensation term of apFFT is the square of that of common FFT, and energy of the side lobe relative to energy of the main lobe is attenuated according to such a quadratic relationship, which is shown in Figure 1 and Figure 2 . Therefore, apFFT has a good performance in reducing spectrum leakage. In addition, Eq. (21) is derived on the premise of PN code alignment, i.e., Doppler frequency of partial correlation signal is searched in N frequency channels when the phase of received PN code is equal with the phase of local combined |π NPf d T c -π k| < ε, where ε is any small positive number, a peak will appear in the kth frequency channel of apFFT. In addition, cumulative averaging technique is implemented to reduce estimation variance to further improve the performance for weak BOC signals, so that the spectrum will not be buried in the noise and result in missing. The method is to divide the output of apFFT with the length of M into Q segments, and the length of each segment is X , i.e., M = QX , and can be written in vector form
Adding up Q items in the vector and then averaging the result
Once the maximum value of Eq. (23) exceeds threshold, it is identified as the acquisition is completed and turn to tracking stage. In addition, an important property of apFFT spectrum analysis derived in [19] is that, after windowless apFFT and FFT, respectively, the ratio of their spectrum mean squares of Gaussian random noise is 2/3. In the other words, the average power of random noise after apFFT is smaller than that after FFT. Therefore, all phase processing VOLUME 7, 2019 can effectively suppress Gaussian random noise, especially in the case of low signal-noise ratio (SNR).
D. DETECTION PROBABILITY
In the additive white Gaussian noise environment, false alarm and missed detection occur in the acquisition, H 0 denotes only noise signal, H 1 denotes the presence of useful signal. The probability of false alarm depends on the distribution characteristics of the input noise, and the output of a single frequency channel is subject to Rayleigh distribution after apFFT, its mean m a = 0 and variance σ 2 = (2N 2 +1)σ 2 n /3N , so the probability density function of single channel's output is shown by [20] 
Due to statistical independence for each channel, it is equivalent to the R-Tuple Bernoulli experiment, which is subject to the Binomial distribution, the probability of false alarm in the system can be expressed as
The expression of threshold V t can be obtained from Eq.(25)
And the probability of false alarm P a in a single channel can be expressed as
At the output of the apFFT, the amplitude of the signals are taken, thus the statistics of the output of some apFFT bin k are Ricean, is given by 
The detection probability of the kth channel can be expressed as
where Q(·) is Marcumq function. Signal acquisition is assumed if any of the output bins is greater than the threshold. Each of the N FFT output bins have the same distribution, and therefore the probability of any one of the N outputs exceeding the threshold can be given by
where P d is detection probability of the proposed algorithm in the Gaussian channel.
III. THE STEPS OF PMF-apFFT ALGORITHM
Acquisition processes are as follows (1) After down conversion and analog-digital conversion (ADC), the received BOC modulated signal with a length of L is sampled at the PN code rate and cut into R parts, each part has P points (2) Local combined code is taken L points in order and cut into R parts, each part has P points (3) The received BOC signal is correlated with the local combined code in segment by PMF, and R segments are completed successively. (4) All phase processing was performed for the correlation results. (5) The processing results are recombined to form a R * P matrix W(i, j), where i is the number of the correlator and j is the jth element in each correlator. Then N points FFT operation is done for each row of matrix W. (6) The outputs of apFFT are arranged to obtain matrix w(i, j), storing the result in the corresponding accumulator (7) The maximum value of N accumulators is compared with the threshold, if the maximum value exceeds the threshold, it enters the tracking stage; if not, calculating the next row and compare (8) If the row operation of the matrix is completed, there is still no value greater than the threshold, adjusting the local combined code by synchro-control module, and repeating the steps 3-7 until the value of peak exceeds the threshold. Fig.3 describes the acquisition process of the proposed algorithm.
IV. SIMULATION AND RESULTS ANALYSIS
In this paper, in order to better suppress spectrum leakage caused by truncation, Hanning window is adopted in all phase spectrum analysis and traditional FFT spectrum analysis. In order to verify the performance of the proposed scheme, the acquisition for BOC modulation signal is simulated by MATLAB. The sine phased and cosine phased BOC signals are expressed as sBOC and cBOC, respectively. If no description, sBOC(1,1) modulated signal is simulated in additive white Gaussian noise channel, and simulation parameters are set as follows. The phase of PN code is 511, Doppler shift of the signal f d = 25kHz after down-conversion, the PN code rate is 8.148MHz. The length of partial matched filter 
A. THE SIMULATION OF PMF-APFFT ALGORITHM
The two-dimensional (2D) acquisition diagram of PMFapFFT algorithm proposed in this paper at SNR = − 10dB is shown in Figure 4 . The acquisition diagram peaks at the coordinate (511,10), which is consistent with the previous set parameters, this proves that the proposed algorithm is effective for BOC signal acquisition.
In Figure 5 , the normalized amplitude of PMF-apFFT algorithm and that of FFT algorithm are respectively obtained by 100 times simulation for averaging at SNR = −10 db. Comparing Figure 5a and Figure 5b , it can be seen that the main peak of PMF-apFFT algorithm is more obvious than the secondary peak, which makes it easier to detect the main peak correctly. In Figure 6 , Doppler shift estimation of apFFT algorithm and that of FFT algorithm are respectively obtained by 100 times simulation for averaging at SNR = −10 dB, and Doppler shift obtained from simulations is almost the same as the previous set with 25kHz. Similarly, the main peak of Doppler shift estimation of PMF-apFFT algorithm is easier to distinguish, which weakens the effect of large Doppler shift on acquisition.
B. FFT POINTS
In Figure 7 , experiment shows that the proposed algorithm has good acquisition performance for high detection probability when FFT points is large enough. Compared with PMF-FFT algorithm, the proposed algorithm has higher detection probability with the same SNR. The simulation results in Figure 7 are consistent with the result of previous theoretical analysis, which is that the sidelobe attenuation rate of
Meanwhile, the detection probability varies greatly with the choice of FFT points N , the greater the length of PMF is, the more FFT points are and the less acquisition time is. However, it increases the correlation loss and leads to the decrease of maximum FFT output, and the impact on Doppler shift is also more sensitive, which leads to a decline in detection probability. On the other hand, the smaller the correlation length is, the smaller the correlation loss will be, but it increases the number of PMF, resulting in higher hardware requirements [21] . Therefore, the appropriate FFT points should be selected according to the requirements of acquisition time and precision in the receiver.
C. CUMULATIVE AVERAGING TECHNIQUE
As FFT points N = 256 and the cumulative frequency is equal to 5 and 20 respectively, after 5000 times Monte Carlo simulations, detection probabilities of PMF-apFFT and PMF-FFT algorithm are shown in Figure 8 . When the detection probability is 1, accumulating from 5 times to 20 times, SNR is improved about 8dB by PMF-apFFT algorithm and 7dB by PMF-FFT algorithm. Under the same SNR, with the increasing cumulative frequency, the higher detection probability is, thus cumulative averaging technique adopted in this paper can further improve the acquisition performance in low SNR environment. (2, 1) and cBOC (1, 1) In order to evaluate the performance of the proposed algorithm more comprehensively, detection probabilities of PMF-FFT, PCF, SR, ACF and PMF-apFFT algorithm for sBOC(2,1) and cBOC (1, 1) are assessed by Monte Carlo simulation in Figure 9 , respectively. Whether for sBOC(2,1) or cBOC(1,1), detection probability of the proposed algorithm approximately reaches 1 at SNR= −10dB, which is better than that of other algorithms. And the proposed algorithm is suitable for both sine-and cosine-BOC signals with any modulation order.
D. DETECTION PROBABILITIES OF DIFFERENT ALGORITHMS FOR sBOC

E. THE EFFECT OF DOPPLER SHIFT ON THE ACQUISITION
When f d = 0, 25kHz, 40kHz, detection probabilities of PMF-apFFT, PMF-FFT, PCF and SR algorithm are shown in Figure 10 . Obviously, detection probability of PMF-apFFT algorithm is always greater than that of other algorithms with same Doppler shift and same SNR. Compared with PMF-FFT algorithm, SNR of PMF-apFFT algorithm improves 5dB with f d = 40kHz and 3dB with f d = 25kHz, respectively. In addition, detection probabilities of PCF algorithm and SR algorithm are always 0 when f d = 25kHz, which means that the system is no longer in working condition. On the one hand, the search range of Doppler shift is effectively expanded by the proposed algorithm [22] . On the other hand, all truncation conditions of central data are considered with all-phase processing, which reduces the compensation error of Doppler shift, and then weakens the distortion of correlation peak caused by large Doppler shift. Thus, the proposed algorithm is especially applicable in the case of large Doppler shift.
F. WINDOWS
The spectrum leakage is closely related to the sidelobe of the window function spectrum, if amplitude of the sidelobe is close to zero, the energy is relatively concentrated in the main lobe, which makes it close to the real spectrum. Therefore, different window functions can be used to intercept the signal in all phase processing to solve the problem of spectrum leakage. Comparison of the effect of Blackman window and Hanning window is shown in Figure 11 , in the case of the same window function, the detection probability of PMF-apFFT algorithm is always greater than that of PMF-FFT algorithm. In addition, windowing greatly reduces the spectrum leakage and increases the peak directly. Moreover, the effect of Blackman window is better than that of Hanning window.
G. CALCULATION AND HARDWARE REQUIREMENT
The difference between apFFT and FFT is all-phase processing, which is added to the data before FFT. Therefore, compared with FFT, more calculation is on the windowing and summation of data in all phase processing, and windowless apFFT only carries out M (M −1) real addition to data. In general, for M points apFFT, double window, single window and windowless apFFT all do approximately M 2 more real addition than FFT, and they do the same amount of complex multiplication and addition, which are shown in Table. 1. Due to the calculation of single addition is much smaller than that of single multiplication, so the added amount of real addition operations is small compared with the total amount of computation. In addition, 2M −1 points data is required for M points apFFT and segmented from back to front, so apFFT cannot be carried out until 2M − 1 data is in place, and FFT can be carried out as long as M data are in place, so apFFT requires almost twice as much storage as that of FFT. In addition, compared with PCF algorithm and SR algorithm, FFT points of the proposed algorithm are reduced and the number of filters is increased in the practical operation. Taken together, the increased hardware cost is acceptable in the consideration of good performance of the proposed algorithm.
V. CONCLUSION
In this paper, a novel acquisition algorithm based on PMFapFFT for BOC modulated signal is proposed. The received BOC signal was partially correlated with local BOC signal by PMF, after apFFT and cumulative averaging, the result was compared with threshold to determine whether the acquisition was successful or not. Experiment results and simulation analysis show that detection probability of PMF-apFFT algorithm is much better than that of PMF-FFT, PCF and SR algorithm in the same simulation conditions. Due to the superior performance of PMF-apFFT, spectrum leakage is minimized, which greatly improves the accuracy of Doppler frequency estimation, the increased hardware cost and calculation are acceptable. The proposed algorithm is applicable to the complex communication environment with strong noise and large Doppler shift. And the future research direction is to reduce the calculation and hardware cost of PMF-apFFT algorithm.
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